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Abstract 

A  dynamic  stall  facility  offering  a  unique  new  capability  for 
studies  of  compressibility  effects  on  dynamic  stall  is  described. 
This  facility  features  complete  visual  access  by  mounting  the  test 
airfoil  between  optical-quality  glass  windows  which  are  rotated 
in  unison  to  produce  the  oscillating  airfoil  motion  associated 
with  helicopter  rotor  dynamic  stall.  By  using  the  density  gra¬ 
dients  associated  with  the  rapidly  changing  dynamic  stall  flow 
field,  this  facility  permits  simultaneous  detailed  investigation  of 
the  flow  on  the  surface  as  well  as  in  the  flow  field  surrounding 
airfoils  experiencing  dynamic  stall. 


Introduction 

Unsteady  lift  and  dynamic  stall-delay  have  been  the  subject 
of  considerable  interest  in  helicopter  and  aircraft  maneuverabil¬ 
ity.  Prior  studies1-2  have  shown  that  airfoils  and  wings  that  are 
pitched  rapidly  past  the  static  stall  angle  can  produce  lift  signifi¬ 
cantly  greater  than  that  obtained  in  steady  flow  (for  a  detailed 
discussion  of  the  dynamic  stall  process  see  Carr5).  These  stud¬ 
ies  have  shown  that  the  dynamic  stall  process  is  characterized  by 
a  strong  vortex  which  forms  on  the  upper  surface  of  the  airfoil, 
inducing  dramatic  changes  in  the  lift  and  moment  characteristics 
of  the  airfoil  (Fig.  1 ).  However,  it  has  also  been  found  that  as 
the  free-stream  Mach  number  exceeds  0.2,  the  local  flow  on  the 
airfoil  may  reach  supersonic  velocities  (Fig.  2).2  Figure  35 
shows  that  an  airfoil  which  experiences  trailing-edge  stall  for 
free-stream  Mach  numbers  less  than  0.2  can  experience  leading- 
edge  stall  as  the  Mach  number  increases  past  0.2.  Thus  com¬ 
pressibility  can  play  a  dominant  role  in  altering  the  flow  around 
the  airfoil.  In  fact,  there  is  experimental  evidence  that  the  bene¬ 
fits  of  dynamic  stall  may  be  dramatically  attenuated  as  the  free- 
stream  Mach  number  is  increased  beyond  0.3,  as  shown  in 
Fig.  4. 2 

One  of  the  major  difficulties  preventing  detailed  analysis  of 
the  physics  of  dynamic  stall  has  been  the  inability  to  measure  the 
characteristics  of  this  unsteady  flow  on  the  surface  and  in  the 
flow  field  simultaneously  at  conditions  representing  actual  flight. 
For  example,  flow  visualization  of  dynamic  stall  has  been  lim¬ 
ited  to  low-speed  water  or  wind  tunnels,  where  hydrogen- 
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bubble  or  smoke  techniques  have  demonstrated  the  presence  of 
the  dynamic-stall  vortex  for  a  wide  range  of  test  conditions.4’5 
However,  water  tunnel  visualization  cannot  address  the  question 
of  compressibility  effects;  smoke-flow  visualization  becomes 
very  difficult  to  use  in  flows  where  M„  >0.1.  Smoke 
becomes  highly  diffused  in  rapidly  changing  flow  fields,  thus 
masking  many  of  the  important  flow-field  conditions,  and 
making  photography  very  difficult.  It  is  therefore  clear  that  the 
key  to  understanding  the  effect  of  compressibility  on  dynamic 
stall  lies  in  the  ability  to  visualize  these  complex  flow 
interactions. 

Visual  study  of  the  flow  on  oscillating  airfoils  in  compres¬ 
sible  flow  is  made  practical  by  the  density  gradients  inherent  in 
the  compressible  flow  itself.  Nonintrusive  diagnostic  techniques 
such  as  stroboscopic  schlieren  and  holographic  interferometry 
become  viable  choices.  However,  conventional  mounting  of 
airfoils  between  solid  tunnel  walls  severely  limits  the  potential 
use  of  these  techniques.  In  those  cases  where  optical  quality 
walls  were  considered,6  the  massive  support  structures  needed 
to  withstand  the  large  dynamic  loads  severely  blocked  major 
pans  of  the  flow,  making  visualization  of  these  areas 
impractical,  if  not  impossible. 

These  limitations  led  to  the  development  of  the  present 
concept  for  dynamic  stall  testing.  The  airfoil  is  pin-mounted 
between  two  optical  glass  windows;  these  windows  are  then 
oscillated  simultaneously,  permitting  completely  unobstructed 
viewing  of  the  complex  flow  around  the  airfoil  throughout  the 
dynamic  stall  cycle. 


Design  Requirements 

The  potential  for  control  and  use  of  the  beneficial  aspects  of 
dynamic  stall  requires  a  clear  understanding  of  the  flow  phe¬ 
nomena  which  affect  the  inception  and  development  of  the 
dynamic-stall  vortex.  Since  earlier  studies  have  shown  that  there 
is  a  significant  reduction  in  dynamic  stall  overshoot  as  the  Mach 
number  increases  past  M«  =  0.25,  the  present  facility  has  been 
designed  to  permit  visual  study  of  the  flow  on  oscillating  airfoils 
from  Moo  =  0.1  to  M,*,  =  0.5.  The  use  of  optical  glass  win¬ 
dows  with  unobstructed  view  over  the  airfoil  was  the  primary 
consideration  in  the  conceptual  design  of  this  facility. 

The  primary  occurrence  of  oscillating-airfoil  dynamic  stall  is 
on  helicopter  rotors.  Experimental  research  in  the  helicopter 
industry  has  shown  that  the  dynamic  stall  that  appears  on  full- 
scale  rotors  can  be  documented  on  small-scale  model  rotors 
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operated  in  wind  tunnels.7  Therefore,  the  present  tunnel  was 
designed  to  include  the  flow  conditions  that  appear  on  typical 
helicopter  model  rotors  in  forward  flight  (Table  1  presents  the 
conditions  that  have  been  run  to  date).  In  order  to  fully  under¬ 
stand  the  changes  that  occur  in  the  dynamic  stall  process  as  the 
Mach  number  varies,  the  test  matrix  was  designed  to  bridge  the 
range  of  conditions  from  incompressible  (for  comparison  with 
water  tunnel  studies)  to  strongly  compressible 
(0.3  <  <  0.5).  The  amplitude  range  was  designed  to  per¬ 

mit  2°  <  eta  <  10°  variation  around  mean  angles  of 
0°  <  am  <  15°.  This  range  permits  the  study  of  stall-onset 
delay  as  well  as  deep  dynamic  stall,  and  also  offers  the  possibil¬ 
ity  for  the  study  of  large-amplitude  aeroelastic  interactions.  The 
maximum  physical  frequency  chosen  for  this  facility  is  100  Hz 
at  maximum  oscillation  amplitude,  thereby  representing  the  con¬ 
ditions  of  deep  dynamic  stall  at  k  =  wc/2U  =  0.15  at 
M„,  =  0.5.  It  was  also  specified  that  the  motion  of  the  airfoil  be 
a  simple  harmonic,  e.g.,  a  =  am  +  aa  sin  cot. 


assembly  at  the  required  angle  and  anchoring  the  plate  through 
tightening  of  locking  bolts  on  each  side  of  the  tunnel.  This 
angle -of-attack  assembly  supports  the  flywheel  and  motor  sys¬ 
tem  so  that  no  change  is  required  in  the  drive  system  regardless 
of  the  mean  angle  and/or  amplitude  chosen.  The  flywheels  serve 
to  store  the  kinetic  energy  of  rotation  through  each  cycle  and 
keep  the  speed  fluctuations  to  less  than  1%. 

The  amplitude  of  oscillation  is  established  by  positioning 
eccentric  disks  mounted  within  the  flywheels,  which  are  in  turn 
mounted  on  the  an gle-of- attack  assembly  (Figs.  5,6).  These 
eccentric  disks  are  keyed  to  each  other  within  the  flywheel  shaft, 
and  can  be  positioned  for  any  half-amplitude  value  between  2 
and  10°;  the  flywheel  is  marked  for  accurate  selection  of  the  2-, 
5-,  and  10°-amplitude  conditions.  The  flywheels  are  connected 
to  the  window  assemblies  through  push  rods,  establishing  a 
four-bar  linkage  for  driving  the  window/airfoil/window  assem¬ 
bly.  The  system  is  powered  by  an  a.c.  motor  capable  of  main¬ 
taining  a  constant  speed  to  within  1%. 


Description  of  Facility 
Fluid  Mechanics  Laboratory 

The  Compressible  Dynamic  Stall  Tunnel  (CDST)  uses  the 
unique  experimental  facilities  located  at  the  NASA  Ames 
Research  Center  Fluid  Mechanics  Laboratory  (FML).  The  labo¬ 
ratory  is  centered  on  a  multiple  in-draft  wind  tunnel  concept, 
which  permits  simultaneous  experiments  to  operate  from  one 
drive  system.  This  drive  system  uses  a  large  evacuation  com¬ 
pressor  which  automatically  maintains  sufficient  vacuum  down¬ 
stream  of  each  test  facility  to  cause  sonic  velocity  to  occur  in  the 
smallest  cross  section  of  each  test  chamber.  This  choked-throat 
concept  is  used  to  isolate  each  test  bay  and  maintain  constant 
flow  for  a  wide  range  of  operating  conditions  during  simultane¬ 
ous  operation  of  multiple  tunnels. 

The  system  is  powered  by  a  1 13-m3/sec  (240,000-cfm), 
6.5-MW  (9000-hp)  centrifugal  evacuation  compressor.  This 
drive  system  is  fully  automated,  with  control  of  the  compressor 
directed  by  an  electronic  panel  which  maintains  the  conditions 
set  by  the  compressor  operator  at  the  start  of  the  test  day.  Mon¬ 
itoring  of  the  required  set  pressure  and  adjustment  of  the  guide 
vanes  and  bypass  flow  is  controlled  by  a  computer  for  efficient 
compressor  operation.  The  present  test  constitutes  the  first 
experimental  program  performed  in  this  unique  new  complex. 


Tunnel  Design 

The  CDST  is  the  test  section  (35  cm  high  by  25  cm  wide  by 
100  cm  long)  of  an  in-draft  wind  tunnel.  The  entrance  sections 
of  this  tunnel  have  already  been  used  for  aeroacoustic  studies*; 
the  flow  uniformity  in  the  tunnel  has  been  reported  to  be9 
±0.25%  at  58  m/sec,  with  a  turbulence  intensity  of  0.083% 
with  a  bandwidth  of  50-50,000  Hz.  Since  the  new  test  section 
is  dimensionally  identical  to  the  above-mentioned  acoustic  wind 
tunnel  (except  for  circular  windows  at  the  sides),  no  further  tests 
were  conducted  to  establish  the  flow  quality. 

The  test  section  is  designed  to  permit  continuous  variation  of 
mean  angle  and  oscillation  amplitude;  the  mean  angle  is  con¬ 
trolled  by  angle-of-attack  plates  which  pivot  about  the  center  line 
of  the  optical  glass  windows  (see  Fig.  5).  Mean  angles  of  5, 

10,  and  15°  can  be  precisely  locked  by  anchor  pins;  other  mean 
angles  can  be  established  by  placing  the  angle-of-attack  plate 


The  airfoil  is  simply  supported  between  the  glass  windows 
by  tapered  pins  located  at  x/c  =  0.25  ('he  axis  of  rotation  for 
the  airfoil  and  the  windows),  and  x/c  =  0.70  (Fig.  7).  The 
pins  end  in  spherical  tips  which  are  captured  by  split  sleeves, 
thus  ensuring  that  the  dynamic  and  aerodynamic  loads  will  be 
transferred  to  the  center  of  the  holes  drilled  in  the  windows 
without  inducing  any  loads  due  to  bending.  The  pins  are 
inserted  into  delrin  bushings  (0.005  in.  thick)  to  prevent  direct 
metal  contact  with  the  glass,  and  to  compensate  for  possible 
misalignment  during  assembly  of  the  glass/airfoil/glass  system. 
The  delrin  sleeves  are  push-fitted  into  the  glass.  It  should  be 
noted  that  this  push-fit  requirement  was  the  cause  of  the  crack 
that  appears  in  the  schlieren  photographs  at  x/c  =  0.7.  This 
crack  appeared  during  assembly,  and  has  remained  completely 
stable  throughout  the  range  of  tests  performed  to  date.  The 
damaged  window  is  being  replaced,  and  future  photographs  will 
be  free  of  this  imperfection. 

The  windows  are  15.2-cm-diameter,  2.54-cm-thick, 
D-shaped  schlieren-quality  glass  (BK-7),  supported  in 
magnesium  frames  that  are  mounted  on  bearing  races  which 
permit  rotation  of  the  window.  A  sliding  seal  is  installed  to 
eliminate  passage  of  air  into  the  test  section.  Detailed  mechanical 
design  information  can  be  found  in  Ref.  10. 

Instrumentation 

Three  high-resolution  encoders  provide  accurate  position  and 
frequency  information  during  the  tests.  The  mean  angle  of 
attack  is  indicated  by  an  absolute  position  encoder  with  3600 
counts  per  revolution  (0.1  “/count).  The  instantaneous  angle  of 
attack  is  provided  by  an  incremental  encoder  mounted  on  the 
window.  The  frequency  and  phase  angle  are  provided  by 
another  incremental  encoder  with  800  counts/cycle  of  oscilla¬ 
tion,  and  is  keyed  to  the  flywheel  driveshaft.  All  encoder  out¬ 
puts  are  digital  and  are  read  into  a  Microvax  II  computer  which 
is  used  to  control  the  experiment. 

The  primary  instrumentation  for  this  facility  is  nonintrusive; 
the  instrumentation  presently  includes  a  stroboscopic  schlieren 
and  a  two-component,  iaser-Doppler  velocimeter  (LDV).  Future 
systems  will  include  holographic  interferometry  and  laser-sheet 
visualization.  The  schlieren  system  9  shown  in  Fig.  8,  consists 
of  a  stroboscopic  light  source  that  can  be  triggered  either 
manually  or  by  computer  control  at  any  desired  point  in  the 
cycle;  single  and  repetitive  triggering  is  available.  The  schlieren 
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system  uses  two  large  spherical  mirrors  (45  cm  in  diameter  with 
a  3  m  focal  length)  located  3  m  from  the  test  section.  This 
offers  a  very  sensitive  system,  since  sensitivity  is  directly  pro¬ 
portional  to  focal  length  The  image  produced  by  the  schlieren 
system  can  be  recorded  using  single-frame  photographic  film, 
video  recorder,  or  stop-frame  16- mm  movie  film. 

The  LDV  system  uses  standard  optics  and  counter  proces¬ 
sors.  The  data  from  this  system  are  acquired  by  the  computer  in 
the  Direct  Memory  Access  (DMA)  mode  using  an  eight-channel 
multiplexer  to  check  for  coincidence  of  the  data  on  two  channels. 
The  encoder  data  are  also  input  to  the  multiplexer  through  a 
system  which  records  the  encoder  value  only  when  coincident 
LDV  data  are  obtained. 

Static  pressures  are  obtained  at  various  locations  in  the 
tunnel  test  section,  diffuser,  and  variable  throat.  These  pres¬ 
sures  are  measured  by  a  scani-valve  system  that  uses  a  high- 
resolution  pressure  transducer,  and  they  are  recorded  by  com¬ 
puter  for  future  reference.  Provision  has  been  made  for  install¬ 
ing  instantaneous  pressure  transducers  in  the  upper  and  lower 
tunnel  surfaces,  so  that  quantitative  dynamic  wall  effects  can  be 
obtained  during  the  oscillating  airfoil  tests. 

Typical  tunnel  wall  static  pressure  distributions  are  presented 
in  Fig.  9.  In  this  figure,  the  range  of  x/c  extends  from  the 
beginning  of  the  test  section  to  the  end  of  the  variable  throat  dif¬ 
fuser,  and  x/c  =  0  corresponds  to  the  trailing  edge  of  the 
airfoil. 

This  figure  also  shows  that  at  M«>  =  0.30,  and  f  =  5  Hz, 
the  static  pressure  in  the  test  section  is  nearly  constant  (except 
for  the  slight  decrease  resulting  from  the  growth  of  the  tunnel 
wall  boundary  layers).  The  minimum  cross  section  of  the 
variable  throat  diffuser  is  located  at  x/c  =  1 1.  The  steep  rise  in 
static  pressure  at  x/c  =  14  is  due  to  a  shock  forming  in  the 
diverging  section  of  the  diffuser.  Similar  results  were  obtained 
throughout  the  range  of  Mach  numbers,  with  or  without  the 
airfoil,  except  that  the  strength  of  the  shock  in  the  diffuser 
became  weaker  with  increasing  Mach  number.  At  M„  =  0.5 
the  pressure  distribution  indicated  a  marginally-choked  diffuser 
flow;  therefore,  the  upper  limit  on  the  Mach  number  for  the 
present  study  was  set  at  0.45  (a  higher  Mach  number  can  be 
obtained  by  setting  a  lower  set-point  for  the  compressor,  or  by 
modifying  the  inlet/contraction  section  of  the  wind  tunnel). 


Resulfopf  .Schlieren.  Sludy 

The  stroboscopic  schlieren  technique  has  been  fully 
exercised  in  the  study  of  the  formation  and  development  of  the 
dynamic-stall  vortex  on  oscillating  airfoils  for  a  variety  of  test 
conditions  (for  details  see  Ref.  11).  As  is  well  known,  the 
schlieren  technique  is  based  on  the  fact  that  light  beams  are 
deflected  by  changes  in  density  gradient  in  the  airflow.  This 
effect  is  dramatically  demonstrated  in  Fig.  10,  which  shows  the 
presence  of  the  dynamic-stall  vortex  at  50%  chord  of  an  oscil¬ 
lating  airfoil  at  Moo  =  0.3,  k  =  0.025  (note  that  the  vortex  is 
clearly  defined  even  though  the  reduced  frequency  is  low). 

Figure  1 1  presents  photographs  of  the  development  of  this 
stall  process  at  various  phase  angles  during  the  cycle  at 
M„o  =  0.3,  k  =  0.05.  The  strength  of  the  vortex  is  such  that  it 
can  be  detected  in  flows  as  low  as  M»  =  0. 1 5  without 
enhancement.  It  should  be  noted  that  these  images  are  the  first 
visualizations  of  this  unsteady  flow  which  are  accurate  repre¬ 


sentations  of  the  instantaneous  vortex  strength  because  the  den¬ 
sity  gradients,  which  cause  the  schlieren  image  to  appear,  are 
occurring  at  the  instant  the  photograph  is  taken.  In  contrast,  the 
particle  path  lines  that  are  the  source  of  smoke-flow  or 
hydrogen-bubble  visualization  present  only  an  image  of  what  the 
vortex  has  done  to  the  flow  up  to  the  time  of  the  photograph, 
and  they  give  a  limited  indication  of  the  strength  of  the  vortex  at 
the  time  the  photograph  was  taken. 


Concluding  Remarks 

A  dynamic  stall  facility  has  been  developed  which  offers  a 
unique  capability  for  studying  the  effects  of  compressibility  on 
dynamic  stall.  Complete  optical  access  is  assured  by  mounting 
the  test  airfoil  between  optical-glass  windows  which  are  then 
oscillated  in  unison  to  produce  the  unsteady  motion  characteristic 
of  helicopter  rotor  airfoils  in  forward  flight.  Utilizing  the  den¬ 
sity  gradients  that  occur  in  the  flow  field  around  oscillating  air¬ 
foils  even  at  moderate  ffee-stream  Mach  numbers,  this  facility 
permits  a  detailed  investigation  of  the  events  on  the  surface  to  be 
simultaneously  coupled  to  the  flow  field  surrounding  airfoils  that 
are  experiencing  dynamic  stall.  Schlieren  studies  of  oscillating 
airfoils  across  a  wide  range  of  Mach  numbers  and  frequencies 
have  been  performed,  and  the  resultant  flow  visualization  offers 
the  first  truly  instantaneous  visualization  of  the  unsteady  flow 
associated  with  the  dynamic  stall  phenomenon. 
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Fig.  1  Lift  and  moment  versus  angle  of  attack  for  airfoil  experiencing  dynamic  stall.' 
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'MAX  (LOCAL) 


Fig.  2  Local  Mach  number  on  leading  edge  of  oscillating 
airfoil  versus  free-stream  Mach  number.2 


Fig.  3  Location  of  flow  reversal  on  surface  of  NACA  0012 
airfoil  as  a  function  of  angle  of  attack  for  various  Mach  numbers 
for  a=  15°  +  10°  sin  tot.2 


Fig.  4  Effect  of  maximum  pitching  rate  on  lift  characteristics  of  wing  model  for  various  Mach 
numbers.3 
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SIDE  PANEL  WINDOW 

Fig.  5  Side  view  of  Compressible  Dynumic  Stall  Tunnel  test  section. 
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PLASTIC  SLEEVE 


REMOVABLE 


Fig.  7  Detail  of  airfoil  support  at  window. 


TOP  VIEW 


TERMINAL 

Fig.  8  Schematic  of  Compressible  Dynamic  Stall  Tunnel  schlieren  and  LDV  setup. 


x/c 


Fig.  9  Tunnel  wall  static  pressure  distribution,  M«>  =  0.3,  f  =  5  Hz. 
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Fig.  10  Photograph  of  flow  on  oscillating  airfoil  during  dynamic  stall,  M«,  =  0.30, 
k  =  0.025,  a  =  13.8°.  (Note  that  the  vertical  lines  which  appear  above  and  below  the  airfoil  at 
x/c  =  0.7  are  due  to  a  crack  in  the  optical  window.) 


(c)  0=14.9°  (d)  0=17.1° 

Fig.  1 1  Dynamic  stall  at  M»  =  0.30,  k  =  0.05;  (a)  prestall;  (b)  vortex  formation;  (c)  vortex 
moving  down  airfoil;  (d)  vortex  leaves  trailing  edge. 
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--  NOTES  -- 


